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Abstract 
In this work the fatigue crack growth behavior of ultrafine-grained high purity nickel, produced by high pressure torsion, was 
studied. Fatigue crack growth curves of samples with different orientations were measured at two stress ratios. It was found that 
cracks propagating in two specific directions of the HPT disc show differences up to a factor of four in their fatigue crack growth 
rate and also deviations in their ΔKth values. By the analysis of stereophotogrammetric images of the fracture surfaces, crack 
branching and crack deflection were found to be active crack tip shielding mechanisms. Only a small influence of the stress ratio
has been observed. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
Information about the fatigue crack growth behavior of a material is essential for engineering applications. When 
a crack already exists in a component, introduced e.g. by the manufacturing process, it is important to know under 
which loading conditions a crack will start to grow and at which rate it will propagate. 
Whereas fatigue crack propagation has been determined for a vast majority of engineering materials over the last 
decades, the fatigue behavior is still not extensively studied for the newly introduced material classes of 
nanocrystalline (nc) and ultrafine-grained (ufg) materials. These materials are of great interest as they show 
improved mechanical and physical properties compared to their coarse grain counterparts [1]. However, a majority 
of works reports inferior fatigue crack growth behavior (e.g. [2]), with only few exceptions (e.g. [3]). This could be 
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a drawback for the promising class of nanostructured and ultrafine-grained materials, as they would show a reduced 
damage tolerance under cyclic loading. 
In severely plastically deformed (SPD) material produced by high pressure torsion (HPT), which is one of the 
mayor SPD techniques, a characteristic grain shape and orientation exists, with elongated grains inclined about 10° 
to the shear direction which is the tangential direction in HPT samples [4, 5]. Experiments on HPT deformed 
materials have shown an unusual large effect of the testing direction on their mechanical properties, such as tensile 
strength, ductility and fracture toughness [4, 6, 7]. Therefore it is of natural interest to expand such studies onto the 
FCG of differently orientated cracks, in order to see if they show different behavior and if there are orientations that 
have a larger resistance to crack propagation. 
2. Material and methods 
Nickel with a purity of 99.99% was deformed by HPT at room temperature with a pressure of 3.7 GPa for 15 
revolutions. Thereby discs with a diameter of 30 mm and a height of 7.5 mm were produced. A saturation hardness 
of about 280 HV 0.5 was measured, which, according to Rathmayr et al. [8], correlates very well to a grain size of 
450nm, determined with EBSD. Samples were only taken from regions with a shear strain γ from 40 to 200 where it 
can be assumed that a saturation microstructure was reached. Compact tension (CT) samples were prepared with 
four different orientations, also shown schematically in Fig. 1: 
x Crack in axial direction = AD 
x Crack in radial direction = RD 
x Crack in tangential direction, cracking plane parallel to shear plane = TD  
x Crack in tangential direction, cracking plane perpendicular to shear plane = TD-B 
The sizes of the CT specimens were chosen according to the standard E647 [9], with W=5.4mm, B=1.0mm to 
1.3mm and an=0.9mm to 1.4mm, equal for all orientations. Notches were produced with a diamond wire saw and 
extended and sharpened to a radius of 5 to 30 μm by razor blade grinding. Finally a fatigue crack was introduced 
with a resonance testing machine (Rumul Russenberger + Müller, Switzerland) under cyclic compressive load. The 
compression load was kept as low as possible to generate an open crack of 20 – 50 μm length, measured from the 
root of the notch to minimize the tensile residual stresses in front of the pre-crack [10]. 
In order to measure the crack length during the FCG experiments the potential drop technique (PDT) was used. 
Therefore wires were attached to the specimens by point welding for electrical current input and potential drop 
measurement at the crack. The position of the attachment of the wires was the same for all specimens. Wires for the 
current input were attached at the height of the end of the pre-crack and wires for the potential measurement were 
welded 0.45 to 0.65mm symmetrically from the center, as can be seen in Fig. 2.  
To calculate the crack length from the potential drop at the crack a calibration function was determined. This was 
done in two ways: Firstly by simulating the potential of a specimen with the same dimensions and the same electrical 
current input for various crack lengths with the simulation software FEMM [11]. Secondly by the usage of the 
analogue method, where an aluminum foil with 10 times enlarged dimensions of the CT specimens was slit by a 
razor blade and the changes of the potential drop were measured. Both methods showed the same results and a fit of 
the data was used to calculate the crack length. 
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Fig. 1. (a) Schematic of the different orientations of the investigated specimens; (b) Image of a CT specimen, showing the positions of the 
attached wires. Wires marked with I are for current input, wires marked with V are for potential measurement. 
The FCG experiments were carried out on a MTS Tytron 250 microforce testing system with a 250 N load cell 
and a sinusoidal force with a frequency of 40 Hz. Specimens were tested at  stress ratios of R=0.1 and R=0.7. To 
find the threshold of stress intensity range ΔKth FCG experiments were started with low stress intensity ranges of 
about ΔK=1.5 MPa m0.5. If after 200,000 loading cycles the measured crack propagation was less than 10μm (i.e. a 
FCG rate less than 5*10-11 m/cycle), it was assumed that the crack did not propagate and the load was increased by a 
ΔK of 0.2 MPa m0.5. This was repeated until a crack growth rate higher than 5*10-11 m/cycle was detected and the 
crack finally propagated until the failure of the specimen. In order to get FCG data at higher ΔK also, the testing of 
some samples was started at ΔK of 4 to 9 MPa m0.5 and continued until failure. 
After the FCG experiments the FCG curves were calculated and crack paths of the samples compared. 
Furthermore the fracture surfaces were studied in the scanning electron microscope (SEM) "LEO Gemini 1525" with 
field emission cathode. For the creation of stereophotogrammetric images to reconstruct the surface topography, 
SEM images of exactly the same positions were taken at tilting angles of 0° and 3° [12] and combined and analysed 
with the software MeX of Alicona Imaging Corporation. 
3. Results 
3.1. Crack Paths 
After the FCG experiments the crack paths in the different orientations were studied. An overview of to crack 
paths in the differently orientated specimens is given in Fig. 2. It is obvious that there are preferred crack growth 
orientations. Cracks in AD specimens do not propagate in the axial direction predetermined by the notch, but grow 
in a plane approximately 25° inclined to the shear plane of the HPT process. Cracks in TD specimens only deviate 
slightly from the predetermined direction and grow in a plane approximately 15° inclined to the shear plane. In RD 
samples cracks gradually change their paths to the tangential direction and are finally perpendicular to the 
introduced pre-crack. For TD-B samples the predetermined crack path is already in tangential direction and 
therefore the crack path only shows a slight curvature. 
 
 
Fig. 2. Illustration of the crack path in the differently orientated samples and their position in a HPT disc. 
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3.2. Fatigue crack growth diagrams 
In Fig. 3 FCG curves are shown. There are remarkable differences caused by the orientation of the samples in the 
ΔKth values and especially the FCG rates of the tested samples. With ΔKth=2.0 MPa m0.5 TD specimens showed the 
lowest threshold values, followed by TD-B specimens with ΔKth=2.4 to 2.6 MPa m0.5 and AD with ΔKth=2.6 to 2.9 
MPa m0.5. For RD specimens the highest threshold values of ΔKth=2.7 to 2.9 MPa m0.5 were measured. 
Even more obvious are the differences concerning the FCG rates, especially between RD and TD samples. In the 
steady state region of TD samples, cracks were found to propagate about 4 times faster than in RD samples. AD and 
TD-B samples showed the same FCG rates as TD specimens, with only small deviations. 
Comparing FCG curves measured at different stress ratios it is interesting to note that the curves are essentially 
the same, both considering ΔKth and the FCG rates. 
The steady-state or Paris region of all measured FCG curves can be fitted very well with ΔK2 as depicted with 
dash-dotted lines in the diagrams. 
 
 
 
 
Fig. 3. Effect of sample orientation and stress ratio on FCG curves. (a), (b) FCG curves for AD and RD specimens, respectively. Always one 
dataset is from tests at a stress ratio of 0.7 (shaded triangles, e.g. AD 8, RD 5), the rest of the experiments was performed at a stress ratio of 
R=0.1. Two to three R=0.1 experiments were carried out in order to find the threshold of stress intensity range ΔKth and therefore start at low ΔK 
values (e.g. AD 3, RD 2). Additional tests were performed in order to get information about FCG behavior at larger ΔK and therefore were 
started at higher ΔK (e.g. AD 6 and RD 6). (c) FCG curves of TD and TD-B samples tested at R=0.1. (d) FCG curves of TD samples tested at 
R=0.7. For a better comparison fitted FCG curves of the respective other orientations were added in all diagrams (blue and red solid lines). Dash-
dotted lines are proportional to ΔK2. 
a) b) 
c) d) 
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3.3. Fracture surface analysis 
Fracture surfaces of the specimens were analyzed in the SEM. In all specimens intergranular fracture is observed 
and the form of the grains can clearly be seen. However, depending on the orientation of the cracking plane the 
samples show quite different fracture surface morphologies. In order to get more information about the roughness, 
three dimensional stereophotogrammetric images were created, shown in Fig. 4. In these images the height of the 
fracture surface was measured along certain paths, depicted by black arrows in Fig. 4. These height profiles are 
presented in Fig. 5.  
As illustrated in Fig. 4(a), fracture surfaces of RD samples appear very rough, with big elevated regions and deep 
depressions. Compared to the other orientations the grains look equiaxed. In contrast, TD fracture surfaces in 
general appear much smoother than the others (Fig. 4(b)), which can also be seen in its height profile, blue curve in 
Fig. 5(a). Looking at the fractorgraph of a TD-B sample in Fig. 4(c) and the height profile 1 in Fig. 5(b), there are 
also large differences in height visible. However, in the fracture surface of this sample there are paths that are 
smoother, where the crack was only sometimes somewhat deflected, as shown in the height profile 2 in Fig. 5(b). 
Furthermore, it can be seen that grains are elongated and about 20° inclined to the crack propagation direction. 
 
       
Fig. 4. Fractographs of (a) RD, (b) TD and (c) TD-B samples after 1500μm crack propagation. Colors show the height of the surface determined 
by a stereophotogrammetric technique. Paths of height measurements of the fracture surface shown in Fig. 5 are marked by black arrows. Crack 
propagated from left to right. 
 
Fig. 5. Height of the profiles marked by black arrows in Figs. 4(a)-(c). (a) Profiles of RD and TD. (b) Profiles of the two different paths marked 
in Fig. 4(c). 
4. Discussion 
For HPT deformed nickel it was found that in the Paris region of FCG curves shows FCG rates proportional to 
ΔK2, which indicates that fracture is controlled by plastic deformation of the crack tip. However, by looking at the 
fracture surface it can be observed that all samples show intergranular fracture.  
Surprisingly large differences between the differently orientated samples were found, especially concerning their 
FCG rates. Specimens with cracks propagating in tangential direction on cracking planes parallel or perpendicular to 
the shear plane of the HPT discs (TD and TD-B specimens) show a four times larger FCG rate than samples with 
cracks propagating in radial direction (RD specimens). Cracks propagating in radial or axial direction seem to 
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experience a much higher resistance, which, in case of RD samples leads to a higher ΔKth and a lower FCG rate in 
the Paris region. Furthermore the crack deviates from its predetermined path to directions with less resistance, either 
gradually like for RD samples or by kinking already at the start of the crack propagation, as it was observed for AD 
samples. Reasons for the different resistances against crack growth can be found by analyzing the fracture surfaces. 
When a crack grew in radial direction the fracture surface appears much rougher than for cracks in tangential 
directions. The rough fracture surfaces indicate that the crack was strongly deflected during its propagation, which 
causes geometrical shielding and more crack branching. These mechanisms seem to reduce the load at the crack tip 
and reduce the FCG rate [13]. Grains in HPT microstructures are elongated due to the shear process, with the major 
axis lying about 10° inclined to the shear plane of the HPT process [4, 5]. Cracks growing in the tangential direction 
of the HPT disc can follow the elongated grain boundaries and are therefore less deflected, which results in 
smoother fracture surfaces. A crack propagating in radial or axial direction encounters more grain boundaries and is 
more likely to get deflected and to branch. Hence these directions exhibit a higher resistance against crack growth. 
For the tested samples the stress ratio showed only a small influence on the FCG curves. This indicates that crack 
closure mechanisms are not pronounced. It seems that only plasticity induced crack closure is present. 
5. Conclusion 
In this work it was observed that samples from HPT deformed nickel show significant differences in their fatigue 
crack growth behavior, depending on the orientation of the crack. However, all samples have in common that they 
show intergranular fracture. Samples with a crack in the tangential direction of the HPT disc show higher ΔKth 
values and a four times higher fatigue crack growth rate than specimens with a crack propagating in radial direction. 
This higher resistance against crack growth is caused by the orientation of the elongated grains of the HPT 
microstructure. When a crack encounters more grain boundaries, as it is the case for cracks propagating in radial 
direction, the crack is more likely to branch and deflect. Therefore the load at the crack tip is reduced and the crack 
propagates at lower fatigue crack growth rates. 
Since there was only a small influence of the stress ratio observed, it can be assumed that roughness or oxide 
induced crack closure mechanisms are not active. 
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